ABSTRACT: A series of experiments evaluated development of porcine zygotes microinjected with DNA in three culture media and two incubation temperatures, from postpubertal and prepubertal donors, and between zygotes injected with DNA into the pronucleus and the cytoplasm. Zygotes recovered from 36 postpubertal gilts in Exp. 1 were injected and cultured in modified NCSU-23, modified NCSU-37, and CZB media at 37°C or 39°C for 7 d. In Exp. 2, zygotes were collected from postpubertal or prepubertal gilts, microinjected with DNA, and cultured in modified NCSU-23. In Exp. 3 superovulated prepubertal gilts had DNA injected into the cytoplasm or pronucleus of zygotes. Mean percentages developing to the expanded or hatched blastocyst stage in modified NCSU-23 (42.9) and modified NCSU-37 (40.1) did not differ, but development was greater than that for zygotes cultured in CZB (8.8; P < .05). Development was greater at 39°C ( P < .05) than at 37°C (36.5 vs 24.6%). Microinjection of DNA decreased development ( P < .05) from that of noninjected controls (18.1 vs 43.1%). Zygotes from postpubertal gilts had a higher percentage (6 8.0) of expanded and hatched blastocysts than zygotes from prepubertal donors (29.0; P < .05). No development difference was found between DNA injection into the pronucleus (23.1%) or cytoplasm ( 17.4% 1, but development was less than for control embryos (64.9%; P < .05). DNA microinjected porcine zygotes can be successfully cultured to the expanded blastocyst stage in modified NCSU-23 and modified NCSU-37 media at 39°C. Microinjection of DNA decreases survival of embryos from prepubertal donors more than it decreases survival of embryos from postpubertal donors.
Introduction
The efficiency of producing transgenic swine is approximately 1% (Wall et al., 1991) . Essential to improving this efficiency is successful embryo development and integration of the injected gene into the endogenous genome. However, microinjected porcine embryos have a decreased rate of survival to blastocyst relative to noninjected controls (Hammer et al., 1986) . Additionally, the microinjection of DNA itself was detrimental to embryo development compared with buffer-injected controls (Williams et al., 1992131. J. Anim. Sci. 1994 . 72:1299 -1305 A culture system able to support adequate development of porcine embryos microinjected with DNA to the blastocyst stage needs to be refined (Williams et al., 1992b) . Among the best development rates for noninjected embryos reported thus far, Krisher et al. (1989) found close t o 80% development to the morula or blastocyst stage for one-cell porcine embryos cultured in mouse oviductal explants. More recently, modified Whitten's medium (French et al., 1993) and modified Krebs-Ringer buffer with the addition of taurine and hypotaurine (NCSU-23; Petters and Reed, 1991) have resulted in greater than 85% blastocyst development of porcine zygotes.
Embryo development and subsequent transgenic animal production eficiency are affected by the source of embryos and the site of microinjection. Embryos from prepubertal donors had a decreased rate of development in culture (Pinkert et al., 1989) and resulted in fewer pregnancies after transfer to recipients than embryos from postpubertal donors (French et al., 1991; Williams et al., 1992a) . Injection of DNA into the pronucleus decreased embryo development by approximately 50% compared with control embryos. Moreover, DNA microinjected into the cytoplasm of porcine embryos resulted in decreased integration frequencies in live-born animals compared with pronuclear injection (Hammer et al., 1986) .
Our objectives were to evaluate in vitro development of porcine zygotes microinjected with DNA under different incubation temperatures using three media, to assess the effect of donor age as a source of zygotes upon embryo development, and to evaluate embryo development following microinjection into two different zygotic sites.
Materials and Methods

Experiment 1
One-Cell Embryo Recovery. Embryos from crossbred postpubertal gdts ( n = 3 6 ) were used to evaluate three media, two temperatures, and the effect of microinjection on development in vitro in a 3 x 2 x 2 factorial experiment. Estrous cycles of gilts were synchronized by feeding 17.5 mg of altrenogest (Regu-Mate 7@, Hoechst-Roussel, Sommerville, N J ) for 5 to 9 d between d 12 and 16 of the estrous cycle (Williams et al., 1992a) . Fifteen hundred international units of PMSG (Diosynth, Chicago, IL) were administered i.m. 24 h after the last altrenogest feeding, Five hundred international units of hCG (Lyphomed, Rosemont, IL) were injected i.m. 65 h after PMSG injection. Gilts were bred by AI 32 and 40 h after hCG injection, and surgery was performed 15 to 20 h later. Anesthesia was induced with 1.5 g of thiopental sodium (Pentothal@, Abbott Laboratories, Chicago, IL) and maintained with halothane and nitrous oxide. Oviducts were exteriorized by midventral laparotomy. A retrograde oviductal flush was performed from the utero-tubal junction to the infundibulum with 20 mL of Beltsville Embryo Culture Medium (V. G. Pursel, personal communication), a HEPES-buffered medium for handling embryos in air (Williams et al., 1992b) .
Embryo Micromanipulation. Embryos from each donor were centrifuged a t 15,000 x g for 12 min to enable visualization of the pronuclei (Wall et al., 1985) . All embryos were placed in the injection chamber and evaluated at 200x magnification. Every other one-cell embryo with visible pronuclei was injected; the other was used as a control. Ova with no visible pronuclei were classified as unfertilized. Two to four picoliters of the DNA construct (200 copies/pL, 1.5 pg/mL) in buffer (10 mM Tris-HC1, .25 mM EDTA) was injected into one of the pronuclei. The fusion gene was a 5.5-kb cDNA construct of human Protein C ( P C ) placed between fragments of the Whey Acidic Protein promoter (PC3). Unlike construct had all introns and exons removed from WAP and only included fragments 2.6 kb upstream of the start codon and 1.3 to 1.6 kb downstream of the stop codon. Embryos from each donor were randomized across treatments. Embryos within each treatment were pooled and cultured together.
Embryo Culture. The three culture media evaluated were NCSU-23 (Petters and Reed, 19911, CZB medium (Chatot et al., 19891, and NCSU-37 (Petters and Wells, 1993) . Medium NCSU-23 was modified by excluding hypotaurine. Medium NCSU-37 contains sorbitol instead of taurine and hypotaurine but was modified by substituting mannitol for sorbitol. Glucose and glutamine were included in CZB medium. All media were prepared in 100-mL volumes and stored at -87°C in 10-mL aliquots. The day before embryo culture, aliquots were thawed and filtered ( . 2 pm) into dishes. A culture dish was prepared with six 20-pL microdrops overlaid with silicone oil and labeled according to treatment and media. All dishes were allowed to equilibrate overnight in a humid atmosphere of 5% C02. All embryos in each treatment were randomized equally to media groups. Each group of embryos was subjected to three washes in one of the three culture media and placed in a corresponding microdrop. This procedure was repeated for the remaining treatment groups. Embryos were incubated at either 37°C or 39°C. Embryos were considered viable if they were expanded or hatched blastocysts after 7 d.
Experiment 2
The development rate of microinjected embryos from pre-and postpubertal donor gilts was evaluated in a 2 x 2 factorial experiment. Prepubertal gilts ( n = 14) 157 to 189 d of age were synchronized with an i.m. injection of 1,500 IU of PMSG and induced to ovulate with 500 IU of hCG 72 h later (Dziuk and Baker, 1962; Guthrie, 1977) . Gilts were bred by AI 24 and 32 h after hCG. Postpubertal donors ( n = 15) were synchronized as described in Exp. 1. Both donor types were flushed on each day of surgery. Postpubertal and prepubertal gilts were alternated in the surgical schedule. Embryos were pooled according to donor type and treatment and handled as previously described. Development was assessed after culture in modified NCSU-23 a t 39°C for 7 d.
Experiment 3
Embryos from prepubertal donors ( n = 22) 186 to 201 d of age were used to study the effect of microinjection of DNA into the pronucleus and cytoplasm on development. After collection as described in Exp. 2, embryos from each donor were placed in an injection chamber. One-third of the embryos with visible pronuclei were injected cytoplasmically, one-third were held as controls, and one-third had DNA microinjected into the pronucleus. Polylysine ( D P 17, Sigma Chemical, St. Louis, MO), a polypeptide of 17 lysine residues per chain, was included in the injection buffer for cytoplasmic injections (DNA concentration 1.5 pg/mL). Polylysine was included in the cytoplasmic injection buffer to associate with and stabilize the DNA construct (Laemmli, 1975) to prevent its rapid degradation, thereby increasing the chances of its migration and integration into the endogenous nuclear material. Embryos were cultured in modified NCSU-23 at 39°C for 7 d.
Statistical Analysis
Embryo development was analyzed using GLM procedures in SAS (1985) . Development at d 7 was coded 0 for fragmented embryos, 1 for one cell, 2 for two cells, 3 for three cells, 4 for four cells, 5 for six cells, 6 for eight cells, 7 for compact morula, 8 for blastocyst, 9 for expanded blastocyst, and 10 for hatched blastocyst. The model for Exp. 1 included media, treatment, temperature, and their interactions. The model for Exp. 2 included donor source, treatment, and their interactions. The model for Exp. 3 included treatment. The number of embryos per microdrop was included as a covariate in all three models. Differences in least squares means were evaluated using nonorthogonal contrasts and tested using Bonferroni improved F statistic. Least squares means for significant interactions were evaluated using Tukey's pairwise comparisons.
Results
Responses to superovulation and synchronization schedules for the collection of one-cell embryos are summarized in Table 1 . Data were unavailable for two gilts from which embryos were recovered and included in the culture studies of Exp. 1. No significant differences were observed between the ovulatory response of gilts or between prepubertal and postpubertal gilts. The number of one-cell embryos appropriate for microinjection was approximately half the number of ovulations. Embryos that were classified as unfertilized during the injection process and then incubated later demonstrated a high incidence of cleavage (Exp. 2 and 3). The comparable percentages of unfertilized ova cleaving for both postpubertal and prepubertal gilts in Exp. 2 indicated that the timing of surgery did not favor either group.
Experiment 1
Percentages of DNA microinjected and noninjected zygotes that developed to the expanded or hatched 
Experiment 2
DNA microinjected and noninjected zygotes from postpubertal donors had a greater percentage of development to the expanded or hatched blastocyst stage than zygotes from prepubertal gilts ( P < .05) after a 7-d culture in modified NCSU-23 at 39°C (Table 4 ) . Microinjection decreased embryo development across both donor sources compared with no injection ( P < .05; Table 5 ). 
Experiment 3
The mean percentages of embryo development for pronuclear DNA injection and cytoplasmic DNA injection were not different from each other ( P > .05) but were both less than the embryo development for no injection ( P < .05, Table 6 ). The number of embryos per 20-pL drop included as a covariate resulted in a regression coefficient of .008.
Discussion
There was a consistent response to synchronization and superovulation for the collection of one-cell porcine embryos. Williams et al. (1992a) observed no difference in ovulation rates or zygotes per animal between prepubertal gilts and postpubertal gilts synchronized with altrenogest, as was seen in this study. The prepubertal gilts used in Exp. 3 were approximately 30 d older than the prepubertal gilts used in Exp. 2, which may help t o explain the improved embryo recovery seen in this study. Although their work was conducted on postpubertal animals, Archibong et al. (1992) noted an effect of one estrous cycle, reporting an increase in ovulation rates from first to second estrus in gilts. The high percentage of ova classified as unfertilized that cleaved could indicate that surgical embryo collection was too early. Embryo stage variability also may have been increased due to the administration of hCG to induce ~~ aCombined injected and noninjected embryo development. bWhere 0 = fragmented; 1 = one cell; 2 = two cells; 3 = three cells; 4 = four cells; 5 = six cells; 6 = eight cells; 7 = compact morula; 8 = blastocyst; 9 = expanded blastocyst; 10 = hatched blastocyst.
C,dLeast squares means within a column lacking a common superscript differ ( P < ,051 aCombined postpubertal and prepubertal embryo development. bWhere 0 = fragmented; 1 = one cell; 2 = two cells; 3 = three cells; 4 = four cells; 5 = six cells; 6 = eight cells; 7 = compact morula; 8 = blastocyst; 9 = expanded blastocyst; 10 = hatched blastocyst.
C,dLeast squares means within a column lacking a common superscript differ ( P < .05). rate of development at 39°C. Successful culture of porcine embryos to the blastocyst stage has been reported at 37°C (Krisher et al., 1989; Petters and Reed, 1991) and 38°C (Illera et al., 19921 , with other studies conducted at 39°C (Beckmann and Day, 1991; French et al., 1993) . However, no direct comparison of incubation temperature was found in the literature for porcine embryo culture. Porcine body temperature measured rectallv is 39.2"C ( Andersson. 1970) . The a m e r e 0 = fragmented; 1 = one cell; 2 = two cells; 3 = three cells; 4 = four cells; 5 = six cells; 6 = eight cells; 7 = compact morula; 8 = blastocyst; 9 = expanded blastocyst; 10 = hatched blastocyst.
bscLeast squares means within a column lacking a common superscript differ ( P < .05).
higher temperature of incubation used in this study may closer approximate core temperature experienced by developing embryos.
The comparison of postpubertal and prepubertal donor embryos in Exp. 2 demonstrated a decreased ovulation, which was reported to increase the duration of ovulation above that of natural cyclicity (Soede et al., 1992) .
From the results of Exp. 1, it was demonstrated that both modified NCSU-23 and modified NCSU-37 were capable of supporting development of DNA microinjected porcine zygotes to the expanded or hatched blastocyst stage in vitro. Our study supports the superiority of NCSU-23 reported for noninjected embryos by Petters and Reed (1991) , Illera et al. (19921, and Torres and Rath (1992) . Medium NCSU-23 contains taurine, an amino acid found in abundance in oviductal fluid that improved development of porcine embryos when included alone or in combination with hypotaurine in culture media (Petters and Reed, 1991) . However, Petters and Wells (1993) observed no difference between media NCSU-23 and NCSU-37 in their ability to support embryo development. Media NCSU-23 and NCSU-37 both contain glucose and glutamine, which were shown to be important sources of energy substrate for porcine embryos by Petters et al. (1990) . However, NCSU-37 lacks taurine, which may indicate that another shared component of these two media was responsible for the improved development above that of other culture media. It also may indicate that the inclusion of sorbitol in NCSU-37 provided a nutritive benefit comparable to taurine. However, mannitol was substituted for sorbitol in our experiment and comparable development rates were observed. The development rates observed for one-cell porcine embryos cultured in CZB supplemented with glucose do not support the 51% development to blastocysts reported by Misener et al. (1991) . Although media composition and culture conditions seem to be similar for both studies, the difference in development may be due to animal manipulation and superovulation compared to observation of natural estrus for the collection of one-cell embryos.
The direct evaluation of the effect of temperature in Exp. 1 demonstrated increased development a t 39°C compared with 37"C, which had not been reported previously. Observations also indicated an increased ability of microinjected and noninjected embryos collected from prepubertal gilts to develop in vitro, which also was reported by Pinkert et al. (1989) for noninjected embryos. In addition, French et al. ( 199 1 ) and Williams et al. (1992a) reported that embryos from prepubertal donors resulted in fewer pregnancies after transfer to recipients compared with transfers with embryos from postpubertal donors. Although prepubertal gilts are able to respond to an exogenous superovulatory stimulus, the decreased viability of prepubertal embryos may be due to immaturity of the ovulated ova or an inadequate hormonal environment (Christenson et al., 1985) . Moreover, prepubertal gilts in our study were not given altrenogest. Additionally, Wiesak et al. ( 1990) reported a decrease in follicle numbers and fluid volume and an increased variability in follicular diameter and oocyte maturation in prepubertal gilts compared to postpubertal No direct assessment of the effect of culture volume on porcine embryo development has yet heen reported. In the mouse and cow (Paria and Dey, 1990; Canseco et al., 1992; Dessy et al., 1993) high culture volume and single embryo culture are associated with decreased development. However, porcine embryos have been cultured successfully in as much as 3 mL of medium (Blum-Reckow and Holtz, 1991) . In addition, Williams et al. (1992b) did not detect a difference in cleavage index between the addition of 3 or 13 zygotes to organ culture systems. We report a significant beneficial effect on the developmental percentage of the inclusion of as many as 50 embryos in one 20-pL drop. A range of 25 to 35 embryos was included in each experiment. For each additional embryo the percentage to reach expanded blastocyst increased between .8 to 2. Studies in the mouse and cow indicate that cooperative interaction occurs between embryos cultured together, possibly through the secretion of growth factors. Paria and Dey (1990) reported that the addition of growth factors (epidermal growth factor and transforming growth factor CY) to the culture drop improved development of two-cell mouse embryos. The presence of receptors for these growth factors were reported to be found on the embryonic cell gilts.
surface. Although mouse embryos were not tested for their secretion of growth factors, the results imply such a cooperative interaction, although it remains to be elucidated. A similar phenomenon may also occur among porcine embryos, although no direct evidence exists. Early porcine embryos may benefit from the cooperative interaction of growth factors present in small culture volumes.
The percentage of DNA microinjected embryos developing to the expanded blastocyst stage observed in these experiments is consistent with the 50% decrease in survival from control embryo development reported by Hammer et al. (1986) and French et al. (1993) . A decrease in development comparable to DNA injection into the pronucleus was also observed for DNA injection into the cytoplasm. DNA injected into the cytoplasm of one-cell embryos resulted in decreased integration frequencies in murine (Brinster et al., 19851, porcine (Hammer et al., 19861 , and bovine models (Gagne et al., 1993) compared with pronuclear DNA injection. If embryos injected with DNA cytoplasmically had shown an increased rate of survival from that of DNA injection into the pronucleus, the improved viability may have compensated for lower integration frequencies. However, improved survival with injection of DNA into the cytoplasm was not observed. Survival may have been affected by physical trauma, the inclusion of polylysine in the buffer, or the negative effect of DNA reported by Williams et al. (199213) .
ET AL.
Implications
Modified NCSU-23 and NCSU-37 media are effective systems that can be used to culture DNA microinjected porcine zygotes to the expanded and hatched blastocyst stages of development at 39°C. Survival of embryos collected from both postpubertal and prepubertal gilts is decreased following microinjection of DNA; however, postpubertal embryos exhibited a higher rate of development in vitro. Injection of DNA into the cytoplasm does not improve the rate of survival of zygotes to blastocysts compared with injection of DNA into the pronucleus.
